ABSTRACT DNA methylation is a central epigenetic event that regulates cellular differentiation, reprogramming, and pathogenesis. Genomewide DNA demethylation occurs in preimplantation embryos and in embryonic germ cell precursors called primordial germ cells (PGCs). We previously showed that Dppa3, also known as Stella and PGC7, protects the maternal genome from tet methylcytosine dioxygenase 3 (Tet3)-mediated conversion of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) in zygotes. Here, we demonstrated that retrotransposon genes, such as long interspersed nuclear element-1 (Line-1) and intracisternal A particle (IAP), showed higher 5mC levels in Dppa3-null PGCs. In contrast, oxidative bisulfite sequence analysis revealed that the amounts of 5hmC in Line-1 and IAP were slightly reduced in the Dppa3-deficient PGCs. From our findings, we propose that Dppa3 is involved in the Tet-mediated active demethylation process during reprogramming of PGCs.
INTRODUCTION
DNA methylation is a well-characterized epigenetic process that plays important roles in various cellular processes, including genomic imprinting, X-chromosome inactivation, retrotransposon silencing, the regulation of gene expression, and embryogenesis [1] . DNA methylation patterns are primarily established by de novo DNA methyltransferases Dnmt3a, Dnmt3b, and Dnmt3L [2, 3] . The patterns of DNA methylation are accurately maintained following DNA replication by the maintenance DNA methyltransferase, Dnmt1, which is recruited to replication foci and binds to hemimethylated DNA via ubiquitin-like PHD and RING finger domains 1 (Uhrf1, also known as Np95) [4, 5] .
While DNA methylation is a relatively stable epigenetic modification, genomewide erasure of DNA methylation patterns has been observed during preimplantation development and the maturation of primordial germ cells (PGCs). In zygotes, 5-methylcytosine (5mC) of the paternal, but not the maternal, genome rapidly disappears before the first cell division because of the conversion to 5-hydroxymethylcytosine (5hmC), 5-formylcytosine, and 5-carboxylcytosine, catalyzed by the dioxygenase Tet3 [6] [7] [8] [9] [10] . Then, the paternal and maternal genomes are subjected to DNA replication-dependent dilution of these modified cytosines [8, 9, 11] .
PGCs also show genomewide DNA demethylation at the migration period (Embryonic Day 8.0 [E8.0]) and after entry into the genital ridges. Immunohistochemistry suggests that PGCs lose DNA methylation during the migration toward the forming genital ridges [12] . Because most PGCs are arrested at the G2 phase, DNA demethylation may progress in a replication-independent manner [13] . However, which sequences are targets of demethylation at this stage remain largely unknown [13, 14] . On the other hand, bisulfite sequence analysis revealed that demethylation of imprinted genes and retrotransposons, such as long interspersed nuclear element-1 (Line-1) and intracisternal A-particle (IAP), takes place after entry into the genital ridges. Imprinted genes are demethylated rapidly and completely between E10.5 and E12.5 [15] . The methylation levels of Line-1 and IAP are reduced gradually after entry into the genital ridges, although IAP is partially resistant to DNA demethylation [14, 16, 17] .
Two demethylation mechanisms have been proposed in the regulation of imprinted genes and retrotransposons. One is an active demethylation mechanism, which is supported by rapid demethylation kinetics and expression of Tet1, Tet2, and base excision repair-related genes in gonadal PGCs [15, 18, 19] . PGCs lacking activation-induced cytidine deaminase (Aicda, also known as Aid) showed increased methylation levels in the imprinted genes, Line-1, and IAP at E13.5 [20] . The other mechanism is a replication-dependent passive demethylation supported by the downregulation of Uhrf1, which is indispensable for the maintenance DNA methylation in gonadal PGCs [4, 5, 21] . Furthermore, downregulation and the cytoplasmic localization of Dnmt3a and Dnmt3b may also be involved in the process [12, 15, 21] . However, how these mechanisms contribute to the demethylation of imprinted genes and retrotransposons remains to be determined.
Dppa3, also known as Stella and PGC7, is a maternal factor essential for early development [22] [23] [24] . In mice, Dppa3 expression begins during PGC specification at E7.25 and continues until E15.5 in both male and female germ cells. Dppa3 expression resumes in the oocytes and persists in preimplantation embryos after fertilization [22, 24] . The
FIG. 1. Expression profile of Dppa3 in PGCs.
A) Subcellular localization of Dppa3 in PGCs at different developmental stages (E8.5-E12.5). Hindguts (E8.5-E9.5) and genital ridges (E10.5-E12.5) were stained with anti-Dppa3 antibody (red). Nuclei were stained with DAPI (white). Bar ¼ 10 lm. B) Profiles of subcellular localization of Dppa3 in PGCs. The white arrow across a cell represents the midline along which the signal intensity and the profiles are plotted beside. The profiles were created with laser scanning microscope software from Zeiss. C) Subcellular localization of Dppa3 in heterozygous (control) and homozygous (Dppa3 KO) Dppa3 mutant PGCs at E12.5. Genital ridges were stained with anti-Dppa3 antibody (red). Nuclei were stained NAKASHIMA ET AL.
Dppa3-deficient females were infertile; when the Dppa3-deficient females were crossed to wild-type males, development of the embryos is arrested before implantation [23, 25] . In contrast, the Dppa3-deficient males do not show any abnormality in reproductive activity.
In zygotes, Dppa3 binds to the maternal, but not the paternal, genome via histone H3K9 dimethylation (H3K9me2) and protects the maternal genome against Tet3-mediated conversion to 5hmC [25, 26] , but the function of Dppa3 during PGC maturation is unknown. In this report, we describe the effects of Dppa3 deficiency on DNA methylation dynamics during PGC development using Dppa3-null mutant embryos.
MATERIALS AND METHODS

Animals
The Dppa3-deficient mice were generated by conventional knockout strategy [25] . Because the start codon of Dppa3 gene in exon2 was deleted, no functional protein was produced in the Dppa3-deficient mice. The Dppa3 mutant mice were maintained in the mixed background of 129/Sv and C57BL/6 strains. The Oct4-EGFP transgenic mice were maintained in the mixed background of DBA2 and C57BL/6 strains [27] . Animal care was in accordance with guidelines of Osaka University.
PGC Preparation
To prepare the Oct4-GFP-positive PGCs, Dppa3 homozygous mutant male mice carrying Oct4-EGFP transgene were crossed with Dppa3 heterozygous mutant female mice carrying Oct4-EGFP transgene. To prepare the SSEA-1-positive PGCs, Dppa3 homozygous mutant male mice were crossed with Dppa3 heterozygous female mice. Noon of the day when vaginal plugs were detected was designated as E0.5. Whole embryonic genital ridges were dissected from E10.5-E12.5 embryos, and PGCs were sorted using expression from an Oct4-EGFP reporter transgene or immunostaining of SSEA-1 using a BD FACSAria system (BD Biosciences, Franklin Lakes, NJ). The purity of PGCs was verified by rerunning the sample after sorting and was always found to be more than 95%. The gender of the E12.5 embryos was determined by the distinct morphology of the gonads and genotyping based on the Ube1 polymerase chain reaction (PCR) method [28] .
Counting Number of PGCs
Genital ridges dissected from E10.5-E12.5 embryos carrying Oct4-EGFP transgene were treated with 0.25% trypsin and 0.5mM ethylenediaminetetraacetic acid in phosphate-buffered saline (PBS), and the number of EGFPpositive PGCs was counted under fluorescent microscopy.
Antibodies
The following antibodies were used: rabbit anti-Dppa3 (1:2000 dilution; [26] ), mouse anti-SSEA-1 (TM13, 1:10 dilution; Kyowa Medex, Tokyo, Japan), rabbit anti-Ddx4 (ab13840, 1:500 dilution; Abcam, Cambridge, U.K.), rabbit anti-Tet1 (09-872, 1:500 dilution; Millipore, Billerica, MA), rabbit antiTet2 (ab94580, 1:50 dilution; Abcam, Cambridge, U.K.), rabbit anti-Tet3 (kind gift from Dr. Xu, 1:1000 dilution), anti-rabbit immunoglobulin G-Alexa568 (A-11036, 1:200 dilution; Invitrogen, Carlsbad, CA), and anti-mouse immunoglobulin M-Alexa568 (A-21043, 1:10 dilution; Invitrogen).
Immunohistochemistry
Posterior embryonic fragments containing hindguts (E8.5-10.5), and genital ridges (E11.5-E12.5) were fixed in 4% paraformaldehyde in PBS at 48C for 1 h, washed twice in PBS at 48C for 30 min, and rotated in 10% and 20% sucrose in PBS at 48C for 1 h and overnight, respectively. The embryonic fragments were embedded in optimal cutting temperature compound, frozen, and sectioned at 5 lm with a CM3050 cryostat (Leica Microsystems, Wetzlar, Germany). The sections were blocked for 1 h in 5% normal goat serum in PBS at room temperature and incubated overnight at 48C with primary antibodies. The following day, the sections were washed three times in PBS and incubated with secondary antibodies for 1 h at room temperature. Nuclei were stained with 0.25 lg/ml 4 0 ,6-diamidino-2-phenylindole (DAPI). Immunofluorescence was observed using a LSM510 confocal laser scanning microscope (Carl Zeiss, Jena, Germany) or FluoView FV1000-D confocal laser scanning microscope (Olympus, Tokyo, Japan).
Bisulfite Sequencing
Sorted PGCs were bisulfite-treated with the EZ DNA Methylation-Direct Kit (Zymo Research, Irvine, CA). Sequences of the PCR primers are listed in Supplemental Table S1 (all the supplemental data are available online at www. biolreprod.org). PCR amplification of IAP (GenBank accession no. M17551) and Line-1 (GenBank accession no. D84391) was carried out with Ex Taq (Takara Bio, Shiga, Japan) under the following conditions: 5 min at 958C followed by 30 cycles of PCR consisting of 1 min at 958C, 2 min at 568C, and 1 min at 728C. Fully or seminested PCR was performed to amplify the H19 (GenBank accession no. U19619) and Rasgrf1 (GenBank accession no. AF021791) differentially methylated regions (DMRs). The first and second rounds of PCR were carried out with AccuPrime Taq DNA polymerase (Invitrogen) and Ex Taq (Takara Bio), respectively. The PCR conditions were as follows: the first round of 2 min at 948C followed by 30 cycles consisting of 30 s at 948C, 30 s at 508C, and 1 min at 688C, and the second round of 2 min at 958C followed by 15 cycles consisting of 30 s at 958C, 30 s at 508C, and 1 min at 728C. The PCR products were purified using the QIAquick Gel Extraction Kit (Qiagen, Valencia, CA), cloned into the pGEM-T Easy Vector (Promega, Madison, WI), and then sequenced using an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA). The number of PGCs and the embryos in each experiment are summarized in Supplemental Table S2 . Primer information is shown in Supplemental Table S3 .
Oxidative Bisulfite Sequencing
Genomic DNA was extracted from PGCs using the QIAamp DNA Micro Kit (Qiagen) and was divided to two aliquots at the ratio of 3:1. The former aliquot was oxidized with potassium perruthenate (KRuO 4 ) as described [29] , while the latter was not. Bisulfite treatment of the oxidized DNA was carried out with an EpiTect Plus DNA Bisulfite Kit (Qiagen) except that the thermal cycle was run twice. The first round of nested PCR for IAP and Line-1 was performed with EpiTaq HS (Takara Bio) under following conditions: 2 min at 958C followed by 30 cycles consisting of 20 sec at 988C, 30 sec at 568C, and 30 sec at 728C. The second round PCR was carried out under the same conditions with 15 cycles. The PCR products were purified, cloned, and sequenced as described above. The number of PGCs and the embryos in each experiment are summarized in Supplemental Table S4 . Degradation of genomic DNA during oxidation step is discussed in the Supplemental Text. Primer information is shown in Supplemental Table S3 .
RESULTS
Subcellular Localization of Dppa3 in PGCs
Because Dppa3 contains a putative nuclear localization signal and a nuclear export signal [23, 24, 30] , we analyzed the subnuclear localization of Dppa3 during PGC development by immunohistochemistry. During the migratory phase at E8.5-E9.5, Dppa3 was localized in both the nucleus and cytoplasm in the majority of PGCs (Fig. 1, A and B) . After arriving at the gonads, Dppa3 started to be localized in the cytoplasm at E10.5 and the localization was predominantly restricted to the cytoplasm at E12.5 ( Fig. 1, A and B) . However, Dppa3 showed dotted localization signals in the nuclei of gonadal PGCs at E10.5-E12.5, whereas these signals were undetectable in Dppa3-deficient PGCs (Fig. 1, A and C, and Supplemental Figure S1 ). 
DNA METHYLATION IN DPPA3-DEFICIENT PGCS
Next, we investigated the effects of Dppa3 deficiency on the development of PGCs. The Dppa3-deficient embryos did not show a difference in the number of PGCs at E10.5-E12.5 (Supplemental Table S1 ). Immunohistochemistry showed that the expression of DE-AD (Asp-Glu-Ala-Asp) box polypeptide 4 (Ddx4, also known as Mvh), a germ cell marker, the expression of which is activated from E11.5 [31] , was detected in Dppa3-deficient PGCs as well as controls at E11.5 (Fig. 1D) . Consistent with previous study [23] , our data also indicated that PGC development was not Table 1 and Supplemental Figure S2 . The number of PGCs and embryos in each experiment is summarized in Supplemental Table S2 .
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affected by deletion of Dppa3 (see Supplemental Table S5 for reference).
Altered DNA Methylation Dynamics under Dppa3-Null Conditions
To investigate the function of Dppa3 on DNA methylation dynamics, PGCs were isolated from heterozygous and homozygous Dppa3 mutant embryos. For this purpose, Dppa3 homozygous mutant male mice carrying Oct4-EGFP transgene were crossed with Dppa3 heterozygous mutant female mice carrying Oct4-EGFP transgene. The PGCs at E10.5-E12.5 were sorted by aid of Oct4-promoter-driven EGFP expression and subjected to bisulfite sequencing analysis.
First, we analyzed the DNA methylation status in retrotransposons (Fig. 2, Table 1 , and Supplemental Fig. S2 ). As shown in previous studies [15, 17] , methylation levels in the LINE-1 5 0 -untranslated region declined markedly from E10.5 to E12.5 in control PGCs (Fig. 2 , Table 1 and Supplemental  Fig. S2 ). Although no difference was detected in E10.5 embryos, Dppa3-null PGCs showed significantly higher methylation levels in E11.5 embryos (Table 1) . At E12.5, male PGCs still showed significant, but smaller, difference, whereas female PGCs did not show a difference. These data suggest that this phenomenon occurs only transiently. In contrast to LINE-1, IAP has been reported to be resistant to DNA demethylation during PGC development [17] . DNA methylation levels in the IAP long terminal repeat decreased only slightly from E10.5 to E12.5 in control PGCs. DNA methylation levels in Dppa3-null PGCs were significantly higher than those of control PGCs from E10.5 to E12.5 (Table  1) .
Because Oct4-EGFP is an artificial transgenic marker, we next purified PGCs based on endogenous gene expression and analyzed the DNA methylation status using SSEA-1 antibody, which recognizes the carbohydrate antigen specifically expressed in PGCs (Fig. 3A) . This method allowed us to examine the methylation levels in immature population (Oct4 and SSEA-1 double positive population) within the PGCs as follows. As shown in Figure 3B , there were SSEA-1-positive and SSEA-1-negative populations in Oct4-EGFP-positive PGCs at E12.5. Because the expression of the SSEA-1 antigen is gradually downregulated after arrival at the gonads [32] , the SSEA-1-positive PGCs are more immature than the SSEA-1-negative cells.
By using SSEA-1 antibody, we purified the PGCs from E12.5 female embryos that did not carry the Oct4-EGFP transgene (Fig. 3A) . As described above ( Fig. 2 and Table 1 ), the female Dppa3-null PGCs purified by Oct4-EGFP marker did not show significant difference in Line-1 at this stage. However, in the SSEA-1-sorted PGCs, the methylation levels of LINE-1 were significantly higher in Dppa3-null PGCs even at E12.5 (Fig. 3B, Table 1 , and Supplemental Fig. S3 ), but the difference was smaller than that in Oct4-EGFP-positive PGCs at E11.5. (Mann-Whitney U-test; P , 0.05). Methylation levels of IAP were also higher in the SSEA-1-positive Dppa3-null PGCs. These results suggest that deletion of Dppa3 affects DNA methylation dynamics in LINE-1 and IAP.
Erasure of methylation in imprinted genes starts at E10.5 and is completed at E12.5 [15] . Dppa3 protects DNA methylation of DMRs in some imprinted genes, such as H19 and Rasgrf1, from active demethylation in zygotes [25] . The DMRs of H19 and Rasgrf1 genes were normally demethylated in Dppa3-null PGCs as well as in control PGCs at E12.5 (Supplemental Fig. S4 ), indicating that Dppa3 did not play a role in the erasure of these imprinted genes.
5-Hydroxymethylcytosine Levels under Dppa3-Null Conditions
Because both 5mC and 5hmC are resistant to bisulfitemediated conversion to uracil, the methylation levels described in the studies above represent the sum of 5mC and 5hmC. To determine the levels of 5mC and 5hmC in Line-1 and IAP, we performed oxidative bisulfite sequencing analysis [29] . In this method, treatment with KRuO 4 oxidizes 5hmC, but not 5mC, to 5-formylcytosine, which is converted to uracil in the following bisulfite reaction. Consequently, only 5mC is detected as cytosine in oxidative bisulfite sequencing analysis, while traditional bisulfite sequencing analysis detects both 5mC and 5hmC as cytosine. Thus, the levels of 5mC and 5hmC can be determined by comparing the levels of unconverted cytosine in traditional and oxidative bisulfite sequence analyses.
The Oct4-EGFP PGCs obtained from E11.5 embryos were divided into two aliquots, which were then subjected to traditional and oxidative bisulfite sequence analyses (Fig. 4 and Supplemental Fig. S5 ; see Materials and Methods, Supplemental Fig. S6 , and Supplemental Text for details). The levels of unconverted cytosine in IAP decreased significantly, by 10.7% 6 5.2%, in oxidized genomes of control PGCs (Fig. 4B , Table  S2 ). The methylation levels were analyzed by bisulfite sequence analysis. The percentages and the mean 6 standard deviation of methylated CpGs are shown (n ¼ 3). The experiments were repeated three times by using independent PGC preparations, and the results of each experiment are shown in Supplemental Figures S2 and S3 . b NS, not significantly different.
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Supplemental Fig. S5 , and Table 2 ), indicating that ;10.7% of CpG sites in IAP were hydroxymethylated in control mice. In contrast, the levels of unconverted cytosine did not decrease significantly by oxidation in Dppa3-deficient PGCs (Fig. 4B and Table 2 ). This result shows that conversion of 5mC to 5hmC did not progress in IAP in the absence of Dppa3. In Line-1, while control PGCs showed a 10.3% 6 7.4% reduction, Dppa3 mutant PGCs showed only a 3.4% 6 3.1% reduction ( Fig. 4B and Table 2 ). Consequently, under oxidized condition, 5mC levels of IAP and Line-1 were 18.5% and 21.1% higher in Dppa3-deficient PGCs than control PGCs, respectively. This result shows that the conversion from 5mC to 5hmC is inefficient in IAP and Line-1 under the Dppa3-null condition. The impairment in hydroxymethylation may account for the increased 5mC levels in IAP and Line-1 of Dppa3-deficient PGCs. The experiments were repeated three times using independent samples. The results of three independent experiments and statistical analysis are summarized in Table 1 and Supplemental Figure S3 . The number of PGCs and embryos in each experiment is summarized in Supplemental Table S2 .
NAKASHIMA ET AL. The experiments were repeated five times using independent samples. The results of five independent experiments and statistical analysis are summarized in Table 2 and Supplemental Figure S5 . The number of PGCs and embryos in each experiment is summarized in Supplemental Table S4 . B) Summary of traditional and oxidative bisulfite sequence analyses of IAP and Line-1. Vertical axis represents the sum of 5mC and 5hmC levels in unoxidized samples and 5mC levels in oxidized samples. Each dot represents data from five independent experiments. The unoxidized and oxidized samples in each experiment are linked by thin lines. Thick horizontal bars indicate means. The P values between unoxidized and oxidized samples are shown at the bottom (Wilcoxon signed-rank test; *P , 0.05).
DISCUSSION
In this study, we demonstrated that 5mC levels in IAP and Line-1 were higher in Dppa3-deficient PGCs (Fig. 2 , Table 1 , and Supplemental Fig. S2 ). In the Dppa3-null PGCs, IAP showed increased 5mC levels from E10.5 to E12.5, but Line-1 showed it only transiently at E11.5 (Fig. 2 , Table 1 , and Supplemental Fig. S2 ). However, this higher DNA methylation in the Dppa3-deficient PGCs showed no apparent effect on the development of PGCs. Additionally, Dppa3-deficient PGCs showed upregulation of a gonadal germ cell marker Ddx4 (Fig.  1D ) and proceeded to spermatogenesis and oogenesis with precise timing [23] , suggesting that this subnormal DNA methylation was irrelevant to PGC differentiation.
Comparison of the traditional and oxidative bisulfite sequence analyses revealed that conversion of 5mC to 5hmC was slightly impaired in IAP and Line-1 genes under Dppa3-null conditions. This result suggests that the increased 5mC levels in Dppa3-deficient PGCs are caused, at least in part, by inefficient active DNA demethylation processes. Bisulfite sequencing analysis showed that deletion of Aicda led to slight, but global, increased DNA methylation levels in E13.5 PGCs [20] . Analysis of Tet1-deficient PGCs at E13.5 revealed that DNA methylation level was slightly but significantly higher in Tet1 mutant PGCs, particularly in exons, long terminal repeats, and IAP [33] . Furthermore, knockdown of Tet1 and Tet2 in PGC-like cells differentiated from ES cells resulted in higher methylation levels in IAP and Line-1 [34] . Together with our findings, Tet-mediated oxidation plays a supportive role in demethylation of particular genomic loci, although it may not be involved in the global demethylation process during PGC development.
Although the 5mC levels in Line-1 were higher at E11.5 in Dppa3-deficient PGCs, the levels decreased in E12.5 PGCs (Table 1) , and methylation in the DMRs of imprinted genes was erased normally in the absence of Dppa3 (Supplemental Fig. S4 ). These observations may indicate that other mechanisms, including passive demethylation, play significant roles in demethylation of these loci. A contribution of both active and passive demethylation mechanisms has been also proposed in the studies of Aicda-null PGCs and of genomewide DNA methylation analysis of PGCs [20, 35, 36] . In addition, marked increase in global DNA methylation was not detected in Tet1-deficient PGCs at E13.5 [33] . In contrast to Line-1 and imprinted genes, IAP displayed higher methylation levels until E12.5, suggesting that regulatory mechanisms of demethylation differ among the loci.
Transposable elements and their fossil sequences occupy 46% and 39% of the genomes of humans and mice, respectively [37, 38] . In mice, Line-1 and IAP are present in ;6 3 10 5 and ;1000 copies per genome, respectively [37] . Transposable elements contribute to various biological processes including chromosome function, genome integrity, and epigenetic regulation of specific genes [39] . Because 25% of human promoters contain transposon-derived sequences, the transposons may regulate these genes epigenetically [40] . For example, IAP insertion into the agouti locus affects its DNA methylation status in germline, which causes coat color variation and increased susceptibility to obesity, diabetes, and cancer in a transgenerational manner [41] . From this viewpoint, higher methylation levels of IAP in Dppa3-null PGCs may affect physiology of the offspring with a variable penetrance.
How does Dppa3 affect the conversion of 5mC to 5hmC? At E10.5-E12.5, although it is localized mainly in the cytoplasm, Dppa3 was detectable within nuclei, showing a dotted localization pattern. Chromatin immunoprecipitation analysis showed that Dppa3 was enriched in IAP and Line-1 at 6-fold and 4-fold, respectively, in E11.5 PGCs (Supplemental Fig. S7 ; see Supplemental Materials and Methods for details), suggesting that Dppa3 regulates methylation dynamics through binding to chromatin. In zygotes, Dppa3 negatively regulates conversion of 5mC to 5hmC by binding to chromatin containing H3K9me2. However, because the amount of H3K9me2 is reduced in PGCs, Dppa3 may bind to chromatin by distinct mechanism. Recent studies demonstrated that Tet1 is highly expressed whereas expression of Tet2 and Tet3 is much lower in PGCs [36] . Immunostaining analysis showed that expression level and subcellular localization of Tet1 were not altered by Dppa3 deletion (Supplemental Fig. S8 ). It is important to examine how Dppa3 deficiency affects the activity and chromatin binding of Tet1/2 during PGC development in future studies. Table S4 ). The unconverted cytosine levels were analyzed by traditional bisulfite sequence (oxidation minus) or oxidative bisulfite analysis (oxidation plus). The percentages and the mean 6 standard deviation of methylated CpGs are shown (n ¼ 5). The experiments were repeated five times by using independent PGC preparations, and the results of each experiment are shown in Supplemental Figure S5 .
